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The problem of dynamic stability of attaching two  fighters to 

the wing tips of a bombor was consi-'.ered in detail.     In particular,   the 

<">se of two T-&A airplanes on a B-50 bomber was investigated. 

The equations of motions were derived for  two methods of attach- 

ment,   single-joint,   and  two-joi.it ottachments.     Due  to  the complexity of 

the problem mathematically,   distrubed motions were  treated independently 

in pitch,   in roll and in yaw.     fhe stability of  the assumed system was 

checked by   the Routh-Hurwitz Discriminants. 

Tne elevator and  the ailerons were considered in  the single-joint 

attachment  to constitute  the auto-control in   the fighters.     In the  two-joint 

attachment,  ailerons or flaps were moved symmetrically  to provide change of 

wing lifts on fighters.     The move.ient of  the control deflection in response 

to signals of both   the amplitude and the rate of change of flapping angle 

about the hinge or Joint was assumed  to be instantaneous.     Effect of vary- 

ing auto-pilot parameters,  and relative e.g.   locations from  the hinge axis 

was studied. 

It was  found   that stability of  the single-joint attachment WHS 

marginal if auto-controls  in   the fighters only were allowed.     Inclusion of 

auto-pilot control in  th* bomber or even manuel control from bombor pilot 

greatly improved stability of the coupled  flight system.     S'-ability of  the 

two-joint attachment was  found  to be positive even whe'n auto-control in 

fighters only were considered,     rhe relative merit of   the   two methods of 

attachment can not be weigned    until load3 at  the  joints are determined. 

a&;w*amaa 
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It  is pointed  out that  tbe  analysis made  in this report was done 

on the  basis of rigid  airplanes.    The  effect of elastic deformation or 

flexibility of the wing structure, which presents another mode of Tibration, 

may be critical from the standpoint of both the  stability of the combination 

and the  strength of the  bomber wing.     This phrse  of the problem should be 

considered in the near future. 
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Dynamic Stability of Bomber-Fighter Coupled Flight  • 

Introduction 

This report deals with the problems of dynamic stability of 

attaching two fighters to the wing tips of a bomber for the purpose oi 

increasing the range of the escorts.    Dr. Vogt in Ref.  1 showed that 

the benefit derived from the incre> sed aspect ratio of the bomber- 

fighter team practically counter-balunced the additional drag of the 

fighters.     Consequently,   the range of the bomber was not thought to be 

impaired.     It was assumed  that this result was generally accepted,  anc1 

it remained to show theoretically  that the combined flight was feasibDe. 

In the free-flight tunnel of the NACA,  a simplified test, 

fundamontaly similar  to  the bomber-fighter combination,  wns made.     The 

fighters in  the form of  tip wings were attached   to  the bomber in such a 

way that pitching and yawing of  the fighters relative  to  the bomber were 

restrained.     It was demonstrated  that stable  flight was attained only 

when flaps on  the wing tip wings were linked so as  to move in "**H» pro- 

portion  to   the angular displacement of   the   tip wings relative  to  the main 

wing.     In the analysis contained herein it will be sho?m   that stability 

is easily achieved with such an attachment. 

In this report,   stability analysis 'va3 made  for two mc Lhods of 

attachment.    The»e are:     (a)   single-joint attachment,  and  (b)   two-joint 

attachment.    In the 3ingle-joint attachment,   the fighters are free  to 

pitch and  to roll,  and partially free to yaw.     Each fighter is attached 

s-i-?: 



*n ft H rti? ffi 
trta % 

Report  Nn     lDg-F10S-/CX 

Page   No £  

Date  

to the wing tip of the bomber at one point only by a socket and lance arrange- 

ment.    This method of attachment has tne advantage of small torsions! load 

introduced in the bomber wing if the joint is located near the elastic center 

of the wing structure.    Control of fighters to fly in alignment with bobber 

wing may be accomplished by standard control surfaces of the fighters.    In 

the two-joint attachment, the fighters are free to roll or flap about the 

wing tip joint only.    Since the fighters are restrained in pitch and yaw, 

larger loads would be expected on the bomber wing.    Controls may be afforded 

by moving flaps,  flaps and spoilers,  or by symmetric movement of the ailerons. 

Clearly, some redesign or re-rigging of the control surface systems is 

necessary in such cases. 

It will be shown that witn either methods of attachment,  the system of 

bomber-fighter team  is unstable without auto-pilot control in the fighters. 

for stability, elevator and aileron deflections proportional to the wing 

misalignment angle and the rate of change of wing misalignment angle were 

considered.    The effects of center of gravity locations of the fighters and 

of the bomber relative  to the axis of rotation of the fighters were also 

treated. 

In writing the equations of motions,  it was assumed that the speed *nd 

the altitude of the bomber remained essentially constant.    It was also assumed 

that the pitch,  the roil,  and the yaw motions can be treated independently0 

Only the linear part of the differential equations were retained for 

stability analysis.     In a separate report, the motions of the airplanes in 

gust disturbance were computed taking into account the non-linear termse 

These non-linear terms come principally from the centrifugal forces.    It 

will be shown that these non-linear terms are negligible but improve 

stability slightly rendering the analysis presented herein somewhat on the 

conservative side0 

s -:-7r 
*• v.    2i -o 
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Notations and S:abolg 

Tno standard definitions and symbols used in aerodynamics have been 

retained in this report.  The X¥Z axes with origin at the center of gravity 

of the bomber are a set of orthogonal axes fixed to the body of the bomber; 

the xyi axes with origin at the center of gravity of the fighter, fixed to 

the body of the fighters. 

m 

I 

k 

R 

r 

ai 

A 

0 

mass of the fighter air, lane, slugs 

2 
Polar moments of inertia, slug - ft. 

Subscripts witn capital   letters refer to the bomber 
lower-case  letters to the fighter 

radius of gyration,   ft. 

Bomber wing  -  semi-span,  ft. 

Fighter wing  - semi-span,  ft. 

Distance  from flapping axis of the  f igi.ter to trie lift 
vector  of the  fighter wing,   ft. 

Distance  from bomber pitching axis   (e.g.)   to the 
fighter pitching  axis  (tne Joint  nlnge),  ft. 

Distance  from fighter pitch axis  (nlnge)   to e.g.  of 
fighter,   ft. 

Distance  from MACenter of the  fighter wing to fighter eg,,   ft. 

tail  length of the fighter,  ft. 

roll  angla of th* bomber wing-plane  from horizontal 
plane of the  space  axes,  rad. 

flap angle of the fighter wing-plane from the bomber 
wing-plane,  rad.   (relative coordinate) 

i 

pitch    angle of the  bomber wing-plnne  from the horltontal 
plane of the  space axes,  ra.;. 
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OC -    pitch angle of the fighter wing-plane from the horizontal 
plane of tne space axes, rad. 

"^  = yaw angle of the bomber wing from the vertical plane 1Z 
of the space axe?, radc 

~~Y     *    relative yaw angle of the fighter from the bomber, rad. 

2 I" Summation of Incremental fighter wing lift caused by 
disturbed motion, lbs. 

Summation of incremental fighter tail lifts caused by 
disturbed motion, lh«0 

External rolling disturbarce on combination, ft. lose 

External rolJlng disturbance on fighter abjut i.inge, ft. los 

External pitching disturbance due to anti-symmetric gust 
on figh'-er, ft. lbs. 

External pitcning disturbance on combination, ft. lbs. 

External pitching disturbance on bomber, ft. lbs. 

External pitching dist.trbance due to symmetric gust on 
fighter, ft. lop. 

External rolling disturbance on fighter, ft. lbs. 
occurring with ; itch motion. 

External yawing disturbance on combination, ft. lbs. 

o 

Ll 

% 

1 
Mo 

M0 

«2 

L2 

OC 

S 

V 

S 
k 

External yawing disturbance on fighter,  ft.  lbsc 

Eighter   fuselage pitching moment due to angle of attack 
change,  ft.  lbs-/rad. 

7 
Fightei   wing-are^.,  ft. 

Level f 1 itjht speed , ft./sec. 

Dynamic pressure, lbs./sq. ft. 

Control deflection, ran. (NACA conventioijof signs) 

Auto-pilot rate con'rol ratio 

Auto-pilot displacement control ratio 
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Subscripts: 

»    -    wing t    -    tall 

e    -    elevator f    -    fl*>p 

a  - ailerons 

* ' * 
Subscripts    9     6    p . /i , & , (X etc denote  partial differntiHtion with 

respect to the variables,  as Lji     , L^       etc.,  etc.     : r     5       — etc., etc, 
t 

Positive direction for angles, velocities and accelerations, and distances of 

tao forcos are indicated in Fig. 2 which s .o*s scnematically the two proposed 

methods of coupling considered. 
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Flight Condition for Investigation 

Appendix A contains data on the cruising altitude and true airspeed 

for the best range of B-50 airplane, which is to be used to form the bomber- 

fighter team with two F-34 airplanes. Fig. 1 shows the cruise speed as a 

function of the altitude for cruise. It is unfortunate that no information 

was made available on the actual range of the bomber as a function of the 

cruise speed and cruise altitude. It is conceivable that the stability of 

the coupled flight woul 1 be more critical when the cruise altitude was high 

because the aerodynamic damping and restoring force would be relatively 

smaller than the inertia forces* For the purpose of analysis, an altitude 

of 25,000 ft. and u cruise speed of 300 mph (260 knots) true were chosen. 

Mass Datja; 

Design Gross weight, lbs.         120,000 14,600 

Design Mass, Slugs  3,730        m •=     453.4 
2 

Moment of Inertia, slug-ft. 

lxx   1,712 x 103    14,280.3 

Iyy     1,000 x 103    18,594.8 

3 
T    -  2,712 x 10     31,717 

Radius of Gyrations, ft. 

1^ _ 5.61 

v  8.36 

i • V . 2 / « 9 
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Physical Dimensions - Pertinent Data: 

Semi-aptin,  ft.     __.----- R    a    71. 7 r    •    1ft.3 

2 
ling Area,  ft.     -  -  -  - 1720 S-260 

MAC                  ..__.. . 12.87 c = 7.39 

Tail Length,  ft.    -    -   - 51 Iplft.H 

Design L.G. Location:    % MAC 

From Hinge at Joint,  ft. 

?6 28 

A • 3.25    c = .5912 

Neutral Point in Pitch : % MAC 34 34 

Wjnft Center of Pressure Location % MAC        25 

Distance from e.g.:  ft. ------ - 

25 

d  =   .2217 

Y    =440 ft/sec 

1     =  IO3.5  L*/ft* 
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Aerodynamic Forces and Moment6 

In estimating aerodynamic forces and moments on the bomber and the 

fighters, an investigation of the effect of muturl interference among the 

airplanes due to induced flow phenomena of the combined planfora of the 

wing was made and the results are reported in Ref. 2. This investigation 

is concerned only with the lift forces on the airplanes due to vnrlous 

symmetric and anti-symmetric modes of flight. The aerodynamic moments of 

the fuselages were assumed to be not influenced by the induced flow. 

I-    Fighter ling Lift - L. 

(a)  Due to Change of Angle of Attack of Fighter Wing. OC 

L» • OC   * 
3Lw 

d)oc 
qS  ^CL«  DC 

The   £Ci     /dX   is obtained from the spanwise  lift calculation by consider- 

ing the B-50 bomber at fixed attitude and varying the angle of attaek of 

the fighter F-£4 as a symmetric twist configuration. 

acLf «      4.439 per radian ( Ref.   2, p. ZZ ) 

L, • OC   ,   4.439 * 103.5 « 260 . OC 
x 

H9.4 x i<r   . oc ,. lDG. 
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The location of the center of pressure from the wing tip joint isi 

ot 
17.95 ft. (Ref. 2, p.  2d   ) 

(b)     Due to Ctiange of Awle of Attack of Bomber Wing.  9 

Vs 's 4in-9- 
From similar calculations in Ref. 2, p. ^I 

L,    S  :      103.5 x 260 x  .8455  . 0 

22.8 x 103    .    6   - lbs. 

.he corresponding ltjver  arm from the joint is 

9.67 ft. 

(c) Due to Rolling Velocity of tne Bomber. 9 

V z    -92.91 —-     (Ref. 2, p. \Z   ) 

r -92.91 x l2^  * -21.85 x 103 lb./red, 

Tne corresponding ax a is 

V- «      17.62 ft. (Ref.  2, p.    12.    ) 

«.» f 
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(d)    Due  to Rolling Velocity of the Fighter. 

V,.    ,      -20.71    ^r 

103.5 

f 
(Ref.  2, p.   !Z     ) 

*      -20.71 x 
440 

.»      -4.871 x 10      lb./rad./tec/ 

The corresponding arm is 

a*.     *      21.6 ft. 
f1 

Trie fighter wing lift, therefore, is: 

For roll motion 

(119.4 OC -21,85 0  -4.P710 )  x 10   lb.    Eq. I f 
For pitch motion 

(119.4 0L -4.871 A      * 22.8 0)    x    10 lbs.      Eq.  II f 
2.    Fighter Tall L^ 

(a)    Due to Anr.le of Attack of Fighter. 0C 

Lt.      3 

(X. 

CNV  (i -  T*r-) "ft .q   . St 

3.49 (1 - .47)  x .95 x 103.5 x 48.3 

«      g.784 x KT        lbs>/rad. 

S -.-17 
>m v.   ?/i«9        j 
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(b)    Due to Downwash Lag. OC 

Lv  •   GV •   st   .   it   . It . i ex, 'Ar 

*      3.49 x 48.3   » 18.14 x .95 x .47 x 103.5/UO 

321.1    lb,/rad ./sec. 

(c)    Due to Damplng-ln Pitch of Bomber,    9 

LH 
CNt 

OC 
It 

V 

K 

3.49 x 103.5 x 48.3 x 18.14 x 1^- 
440       YT95 

•      811.4 lb/rad./aec. 

In the roll motion,   it may be ehown that 

9 OC     f 

OC     • 

V -a-p * •     r 

• • 
.2045 0           ' 

• • 
.04159 A 

f 

(d)  Due to Rolling of Bomber, f 

\ 
V 

V 5 - c, 
'Oi 

,q   . S. R • r 

s-:. r; 

-3.49 x 103.5 x 48.5 x -2L 440 

«  -3.568 x 10  lb./rad./aeo. 
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(e)    Due to Flapping of Fighter. P 

> 

-C» 
<W 

st     • q     .    t 
v 

*    -3.49 x 48.3 x 103.5 x 18-3/440 

-725.5 lb/red,/aec. 

(f)    Due to EleTator Control Deflection,     S( 

'      CNt -St       .  q 

1.89 x 48.3 x 103.5        (   ^s .538) 

•      9.U8 x KT lb./rad. 

Tne fighter tail lift, therefore, is: 

For  tne roll motion: 

Lt      «     Ltflt«   *      LV a * Lt.   8    • iy * *y *Ltge       . Se 

*      8.784 x 1030C •   1#13?5 x 10
3 (k   t    165.9 0*    t 33.75/5 

-3.568 x 10' 0     -725.5 /3   • 9.U8 x 103   Se 

For the pitch motion: 

Eq.  Ill 

Lt P.784 x 103(^ • 1.1325 x 103 ti • .03375 x 103 

.7255 xlO3^  • 9.448 x 103 S 
f 

Eq.   IV 

«» v .   2 > *9        i 

<< 
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2.    Demplpg-ln Roll Moments 

(a)    Due to Rolling of the Combination. #* 

H -31.56 x 10b     <Vv 

-31.56 x 106   x      103'V 

(Kef.  2, p.   10    ) 

440 

-7.423 x 10      ft.  lbs./rad./eec. 

(b)    DUB to Flawing of the Flchter. P 

> 
-4.021 x 10      <Vy 

-4.021 x 10      x    103.5/440 

(R«f.  2, p.   n     ) 

.94574 x 10        ft.  lba./rad./aec. 

4.    Fighter Fuselage Moment In Pitch 

The fuselage moment of the fighter may be determined by the neutral 

point of the fighter at 34% MAC which is assumed for the condition of flight. 

For e.g.  location of 28% MAC 

(d CM1 MF oc 
q S c 

(d Z\)        C ) )  "   V)    CL* *   CN . .21 loc        s 

d 0C 

3 r 
=    198.9 x 10     [(-.06 -.03)  4.438    •    3.49 x 

48.3 x 18.14    x (1 -.47)   .95] 
260 7.39 -1 

3 
=   79.86 x 10    ft. lb./raci./aec. 
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£.    Static Restoring and Damping Moments of Bomber In Pitch 

(a)    Restoring Moment. Mft 

The restoring moment of the bomber is determined from the 

neutral point location of the B-50 airplane at 34$ MAC  (Appendix A).    For a 

design e.g.  location of the B-50 at 26% MAC, 

'0 q S c   •   Cm =    q S c     [.26 - .34]      CT 

103.5 x 1720 x 12.89 x    -  .08    x 5.101 

•      -.93478 x 10       ft. lb./rad. 

(b)   Pawing -in- Pitch, M e 

Appendix A contains data on B-50 airplane from Boeing Aircraft 

Company on damping-in-pitch. 

0 q  .  S   .  c   • Cm. 

if mph 
UL 
Y  ft-./sec, 

103.5 x 1720 x 1289    (- HL ) 
U0 ' 

-   -.71337 x 10      ft. lbs./rad./sec, 

|C0NFIQ£NT|AL 
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£.    fighter Aileron Rolling Moment 

L§ 
A 

• q    .S    .b 

•    .1U6 x 103.5 x 260 x 36.5 

112.56 x 10    ft.  lb./rad, 

2-    Tawing Moments of the Bomber 

(a)    Static Stability Moment. N 
VB-50 

In the absence of wind tunnel data on the bomber,  the 

yawing moments of the bomber were estimated: 

Estimated CM »    -.1775 per rad.   (-.0031 per cleg.) 
TB-50 

N y »    q       S       b CM 

=    1C 3.5 x 1720 x 141.5 x (-.1775) 

=    -4.465 x 10      ft. lb./rad. 

(b)    Damping Moment, Ny 
T B— 50 

4:       -li-^ T V    i 
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Since the directional stability of sn airj;l»ri*» mm^s    principally 

from the vertical tail surface, it may be assumed that 

\-., B-50 V T B-50 

. JiL.    (-.4.465 x 10 ) 
U0 

-0.518 x 10      ft.  lbs/rad./sec. 

8.    Yawing Moment of the Fighter 

From the wind tunnel data of the F-8/, airplane   (Kef.  3) ,  it is found 

that 

C. n y -.1.31P/rad.   (-.0023 per degree) 

.170/r*d./sec.     (-.00297 per  deg. per sec.) 

T-84 '1 
S    b 

-.1313 x 103.5 x 2b0 x 36.5 

-.1?98 x 10    ft.   lbs./r*d. 

%. U 

IN, 

IN 

q    S   . 
*i 

Y 

; -.17 x 2(0 x ^       .     l0])l 
2 UO 

6 
=        -.00696 x 10    ft.  lbs./rad. 

-.518 x 106 • 2 x  (-.00696)   x  106    =    -.53? x 1Q6 

6 6 6 
-4.465 x 10      •  ? x  (-.1298)  x 10    =    -4.725 * 10 

s-i-:r 
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CASK A - Jingle-Joint Attachment 

Derivation of Equations of Motion 

1. Roll Stability 

Degrees of Freedom;  (dependent v fir tables) 

Roll angle of bomber:    0 

Roll angle of fighter:   A 

Pitcn angle of fighter:  oC 

Since all variables are angles, the equations of motion are 

moment equations.  In writing these equations, one equates inertia moment 

to moment due to external forces. The external forces are due to disturb- 

ances and also aerodynamic forces. Tne inertia moments are due to mass of 

the fighter, m, moving relative to bomber body axis which in turn nove 

relative to space axes. One may write down the components of the inertias 

as the vector sum of relative, entrained and complimentary accelerations by 

the theorem of Corislis^ or one ra>y write Lagranges equation using 0,A OC 

as generalized coordinates. 

The location of tie center of mass of the fighter, ? ir. Fig. 2, 

is detern-ined for given ff    and  A by: 

x = R cos ^ + r Cos (0 • /3 ) (1) 

R sin 0 * r sin (# 4 ft   ) P (?) 

• e - 
» - 
2/-' 

-. 
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Their time derivative?  are: 

X   «c-R<|> S,nj>     -  r (<j> • ft) Sva(<f>* A) 

y =• Rf Cos4>   •  r(4>+p)Co$(4>»/i) 

Tnerefore, 

.2        *      2      _e;2       .1,1      i* 

The Kinetic Energy, T,  of the  system is 

T = -jr Ijf   + rn.R<f> -f m(kx-»r)^4af 4 ^^^R^<f (f t A^COS A 

In / Equation, 

(3> 

- - (4) 

-./dT' 
It ("51/ "^yt f arnRif  +  £rn t'vV.<f?«fl)   +  2mR,r(2.^t A)COSA 

- 2m.Rr <2f A   •ft*) Sinfl 

aT 
T 

= 0 

Tnerefore, 

Ut £m.(kx+R t r + ERrcosrt)U   +   Errxlk* r (Rcos3 + r)] fl 

Ex^e^a'.  i   Aerodynamic 

Mo^veois 
9) 
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In A  - equation f 

|2 2        • .1 
=   2>^  CKxt   r JCf+A)   -,    2>vRrfcos|A 

i *     i —A = ZmCj^^ r;(^ + K) -f 2 ^ R.r^c0ip ~2*nR.r <fp s^ A 

2 

1K* 
f|2 1  •• 

c>H K  + r ( KcosA t r>4>   t 

2.7VLK.'" <* fi 5m, fi 

c^T _   =   _ a>n.i^r   C<j>  -t   <f/3) S>.p 

Therefore 

=> r Ex-le'-n.ai     and.      Percd^iad'n.ic   Mom.en4J 

- (6) 
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Bomber-Roll Equation (/ Equation) 

There are several ways with walcn the $ - equation may be derived. 

It may be obtained by considering the system in its entirety or It may be 

obtained by considering the reaction force at the joint from the fighters. 

Because of the manner with wnlch the aerodynamic damping moment are 

computed by spanwlse lift calculation of the combined planform,  it Is 

convenient to consider the system in its entirety.    It may easily be shown 

that by subtracting the     A  - equation from the # - equation,  the bomber 

roll equation may be reduced to that obtained by concldering the hin^e 

reaction at the joint. 

For small deflections of $ and    P>    , 

[l.+ l>r,[k\ (**$}$   +    Z7n[k] + rlR+r)]ji - Z»iHr (Iff, * ji\ p 

where    I0 s roll disturbance moment 

\,H » daraping-in-roll 

L„ a Fighter wing-lift due to disturbance 

L* » Fighter tail-lift due to disturbance 

- Lo +   L;<j>   *  L/*/*    +    2-CRtr)2( L+ U^ V 

Fighter Flapping Equation - ft -equation 
.2. 

^n[k,+ r(R+r)]^   +   m(k^r)^   *   mR.-fya 

L, + 2 Lvr: ^ I 

wnere ai • distance the wing-lift acts from hinge point. 

- C8) 

•- . 
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Fighter Pitch Equation- equation 

Referring  to  Fig.   3,   It   Is   seen  that 

L-* - Lwa. + R-c t MF - Lflt 
(9) 

Tp express this equntlon In dependent variables only, it is 

necessary to write the expression for the reaction force at 

the hinge. 

[? 2. ( LT ^ f rnr/3 + m (KCo>p*r)j>  + m R^ Sut/3 

For small angles, 

RF--I(LtLp^r|i+^^tr)^ + Tnl^fp 
(10) 

SuDstl tuting. 

-M f(dTc)lLw-^lt)ZLt^F^ 

(ID 

It will  be noted   that  the  airplanes  are  assumed   to   be 

initially  balanced  and   trimmed,   i.e.,   tne wing  lift on  tne 

fighter equals   to  its weight,   etc.   Hence,   the   gravity  term 

does  not appear in  the  equations. 
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£.    Pitch Stability 

Degrees of Freedom: 

Pitch of Bomber : 

Roll of Fighters : 

Pitch of Fightere: 

Here,  the  reaction method  i6 used  in deriving  the equations of 

motion.     It is noted  that in t..ie ctjse     t)    is the  absolute  angle,  and   OC-9 

is  the relative  angle.     In Fig.  3,  all the  acceleration or mass  forces  are 

snown by  the  theorem of Coriolis«     It  is  assumed   that the airplanes are 

separated  at tnis  joint.     At  tnis joint,   there  ir  a  reaction force which 

may be found by  summing up  all the  forces,   inertia,  external and  aero- 

dynamic,  in tho direction of the Y axis of the space axes.    Dropping 

external force  for  tne  time being,  one writes 

f{   - 7n.jir -•m(CPCtAB)->nrBfl ^  r»i(coct  A9)0C   - Z.(L^ Lt) 

 (12) 

wnere A « e.g. location of bomber forward- of the'hinge 

c  = e.g. location of fignter aft of the hinge. 

i-x-ra 

Bomber  Pitch Equation -     9- equation 

Substituting Rf in above equation,  one obtains 

hi  2.m./f)*e   -Zm.ArK    +  Zm.ACoC   t  £/n ^[^3- (CX t ABVXJ 

* H + Me'0 t Mae " ^AlcL^t Lr)      ('3) 
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flKfr^r Pippin* SqyftUon p equation 

Taking moment about the wing-tip Joint of all the forces on 

the fighter, one finds 

-•m.[(^tC)B + C(«<-fl)-f 2c6*-&)fi]r K -t L2 

where L0 * external disturbance moment on fighter. 

Tnerefore 
2 .Z 

r » «  — -i 

Tn. ̂ \ r2;ri - TruArfif'  - mcroC   •»   in [A 6 * C oc ]r Oi 

Lz +   ZL;^   -r   r z. L_t ZL 04) 

Fighter Pitch Equation CXl - equation 

Taking lament about the center of gravity of the fighter, remember- 

ing the reaction force e-cHudes load due to external forces wnich effect are 

included in M~, 

Substituting Bq. (12) in above, one obtains 

*   let 

OJ> 
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2.  Yaw Stability 

Degrees of Freedom: 

Yaw of Bomber : 

Yaw of Fighter : T 

This case i:; over-slrcplifled.  The reason for tnie simplification 

is that a system of four degrees of freedom woul-i have to be considered 

since tie roll or flapping of the fighter is always accompanied by pitch 

of the .fignter.  In view of the time limit of the contract, and of the 

lack of electronic computing device it is felt that this simplification is 

necessary. 

It is also believed "hat although the yaw stability considered 

does not represent the actual flight, it is indicative of the stability of 

of the system.  It will be seen that thlp system assumed is inherently stable, 

Tnerefore, ruddei' control is not believed necessary. 

Tne equations of motion are similar to th« case of roll stability. 

They are: 

Combined Yaw-Equation; 

-N.tI^ + 2^1 •ii\lf-T +2^jr.7 (,6) 

Fighter Yaw Equation; 

In these equations, "vjr is'the yaw angle of bomber, and *Y"  is 

tne relative yaw angle of tha fighter away fror the bomber. S«e Fig. I. 

CONF... ,.-.. 
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Stability Criteria 

The consideration of stability is made by  treating the  homogeneous 

part of the simultaneous differential equations;   i.e.  wnen tnere  is no 

forcing function or  zero external disturbance.     Ir. general,  the so called 

characteristic equation is of sixth degree for a system of three-degrees of 

freedom and is of the form 

anD°+  a-,D° + aPD* t a,r^ a.D* + arJ)   +    a, n (18) 

For stability, it is necessary for the  above polynominal to have 

no root of positive real part. The criteria for the above condition is 

generally given by testing the so culled Routh Hurwitz discriminants (Ref. 4) 

*o 

0 

Therefore, the criteria are; 

*b 

CONFIDENT!*', I 

s-;-?: 
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ai   a- a0 a3     > 

al a^    "    ao a5     >      ° 

&j   (aj  a? -    »0 a^    )     -    a1   (a    c^ -    aQ a^    )    >   0 

5   (al  a? a0 a3    ) al a6   > ° 

a2 a3     (&1  a^ -    a„a o a5 )     -    aQ fll a3 ah  >  0 

These coeTicients arc  considered as constant,   the  numerical values 

of wnich depend  on the  aerodynamic damping and restoring  forces and moments 

as noil  as on the auto-pilot control parameters.     For all  the  cases considered 

in this report,  the criteria above  are  treated  as a function of the design 

parameter of the auto-pilots and of the center of gravity  locations. 



(p) Report No _U^J.<?°? -'P* 
Page  No 21  
Date  

Stability Analysis of the Coupled Flight 

of B-50 and Y-tU  Airplanes 

In the preliminary investigation, it was found that stability of 

tne coupled flight without automatic control was not positive. The analysis 

presented here include, (a) t:;e basic stability witt.out dynamic coupling; 

--i.e., the center of gravity of the airplane are in line with the axis of 

rotation, (b) th«; effect of the loc-tions of the center of gravity of the 

bomber and of the fighters, and (c) the effect of the automatic-pilot in 

the bomber airplane. The auto-pilot controls in the fighter airplanes are 

assumed to be instantaneously responsive to the deviation of the mis- 

alignment angle at the joint according to the following laws: 

Elevator Deflection 

K - K p + Ke fh - Uo) 

Aileron Deflection 

h - k* P * «,? Ul) 

The elevator deflection generates pitch rotation for producing lift force 

on the fighter through change of angle of attack so as to displace the 

center of gravity or mass of the fighter. Whereas, the aileron deflection 

may auptly the rotational moment so as to reduce the vertical shear load 

transmitted to the bomber wing at the joint. 

S-I-7? 
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1.   Kojii stability 

From Equations  (7),   (in)   and  (11)   it is seen that the effect 

of the e.g.  location of the fighter,     "c" may be  investigated separately 

since only the fighter-pitch equation  (11)   involves  "c",    Similarly,  the 

auto-control in the bomber modifies only the bomber-roll equation  (7). 

(a)     Basic Stability  - No Dynamic Coupling 

Substituting  the expressions for aerodynamic  forces 

and moments  in Rq.   (7),  the bomber-roll et:uat;on becomes 

z 2 . .     .1 

[ 
||T!?<I0 t 2^455-1 L5M*90) <b   t 2t 5 £>| * ^M*3]fi 

-2.„453 4,71 Y < |if.3<£ j« • A ),3  — LD- 7-423* 10 f - >9457$> 10 [* 

+ 2.*9ox/o3u2.8 ;8oc -r 1-1325 a. * -1659 f + ©3375/3 -3568 *f 

-725513 + 9445 cke/31 KcJi>]  +  £ «112.56x "^(kaft + K^p) 

Re-group terms and  introducing D operator. 

(9.056D*+ 8o65D)f + [15161ft (..yot-^oiJ^-^i^D-0.701^,+.2251 ^ft 

_ (.2039 D f 23-08)* =- l,*io * 1-493 <2tJ* •/*>/* 

(22) 

It snould be noted  thnt effect of fighter wing on    4> r fy    are included 
in     L •    and   LA. / 

S-i-7? 
3 •».    2 "»« 
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Fighter Flap Equation 

2 1.. ,Z     z.. .z 

L,+ 2.L a„ t r2.L 
' L

Sl
§a 

.2 
453 4< J&I + (83*90) f   + 4534 (JS) + i8.3)fl + 435.4«71 7* 18.3^/3 

—   L      +     M9-4 * '7-95* 10 OC   - 21.85 * 17 62. Mo'd) 

-4871 x21.6 * /o'/i   + :g.5K 105 [eifiAoa t 1.13Z.5 oc 

+   1659 f  +   03575 ji  - 3-566 f - 7?55 A  + 94^6ft 3 

+ 9.448 KfcAJ+   112.56 x 1 o3 C ka A • K^/3) 

Simplifying, 

(7«58D% 4.503 D) <f  • [1.655 D2+ U 185 -I^ke-I-I256ka) D 

~a7*9Ke+H256*a)]p  -^SoTl D ^3°37> <* 

— L * »o   - 7.47< 7.476 <|>^ 

Fjghter-t'itcn Equation 

C23) 

For c     " o,  e.q.   (ll)  reduces to 

-Iv" + L> -Lt-lt t   MF   = M 

s-.-7: 

18-595 «,   -t   .^2.(7 ( /19.40c - 2|.8Jf - 4 87J A) 

-/8.14 [8.784 a +  1.1325 k t   1659 i + 03375 ft 

- 3.56s <j> -7255^  t^.448 cke/3   * KcjJ)] 

+ 79.86 oC M  x 10 
1 
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Simplifying, 

(_3.0O94D   + 59-88 D)<)>   + [-612 ift <|2.o8l -17139 kg! D   + 171/59 Kc]ft 

-(16-595 l> + 2.0544 D + 53-oOoC   „ fvi  x io3   - C24) 

Characteristic Equation 

Neglecting non-linear terms,   the characteristic equation is 

-3 0094 P +59 88 -6!EP   + (.12.081 -17 139^ P-'71-39 Kc 

7-58D t45°3 1-655i>NcI 165-172.9^-1 l25^ta)P -0-7^Kc-n-i25^K^) 

9.056 D* 8.065 1.516r? + c 1.076-i7oike-E£5i!v)i> -0701 Ke+ -22^'Kj) 

-I8.595P  - 2.0.544 D - 53.0I 

-.2.C7 1   D    -£3.037 

-   203^!) - 2|06 

-0- - -(2.5) 

Expanding Eq.   {2b),  and coll^ctin^ coefficients  in like powers 

in D,   (p.   Z^>   ) 

(26) - - 
a3 

65.004 

24.1.169 -  51,464ke    - 157.82ka 

485.28 -116.9ke  -324.87ka -51.464K*  -157.82Ka 

23.573 • 56j/.4ke  -667.2ka -ll6.9Ke  -324.87Ka 

- 892.2 • 137   50ke    • 817.08ka    •  56j7.4Ka    -667.?Ka 

13750Ke    •    817.08Ka 

o-:-7: 
3 e».    2' ^9 
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(b)  Effect of C.G. Location 

The effect of changing the e.g. location of the fighter 

relative to the hinge point is to provide inertia moments in producing 

pitch rotation. This effect on stability may be studied by considering 

the terms in Fighter-pitch equation containing "c". 

=»Cj 453-4 »<]o£  •» 4S3-4«]?3p ~([3 8.18 oC -25 -418 f - 5 5^/3 

+1.152.5 x + .1^9 f + .03375ri + 9.4^Bck€p+Kerf 
/' " 

— cf(4°-H P" + ^5 4l8D)<f> + [8^545 P% (/5^5 -9.448ke)P -9.448Kjfl 

- (I 132.5 P  +  12.8 18 ) ^i  (27) T- 
Tue characteristic equstion (?5) is, then, modified by 

adding the following determinant to it 

4o.64D+ 254/8 
7 58 I? 4 4.503 

8zty45V  t <.5.5?65-9.44gke)P   - 9-443Ke 
l.fe^D*"* (I.I85- 1.729kg-! 125^0 -CI.72.5Ket I 12^4Ka) 

|.5IfeDi+  (I OT^-i 70; ke- E25!ka)D -(l-70|Ker.Z25l KJ 

( I • 1325 D t 128-18) 

(0.2n7l D t 23.037) 

(0  203^ D  t   E3-0B) 

CD   =0  (28) 
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Expanding,  and collecting the increments in coefficients, 

<29> < 

4*0 

A a^ 

da^ 

VA. 

.77 84C 

(37.713 -2.183 ka)  c 

C  (1H.T56 -6.898 k^    -247.7 ka -2.183 Ke) 

C  (80.604 -13.809 k« -505.4? ka  -6.898Ke 

-247.7 Ka) 

C   (-13.809 K«    -505.4? Ka) 

(c)    Effect of Auto-?llot in pombet 

The ailerons of the bomber may be assumed to deflect in 

proportion to 0 and $'  such tnat stabilizing influence  its  Imposed on the 

coupled flight.    The   increment in  '-he coefficients of the characteristic 

equation may be found by introducing two terms in the bomber-roll equation, 

namely,    ty   D • K$ .   The determinant 

ck>*iy 

t'V + K^c 

-.(o\ZDt   (12 081 -171.59^} 0  - 171.39 Ke 

I.654? D^+ (11849-1 7a9ke-| la^fc^a^P - (l-72^KeT W*5&K^ 

- (IZ-595 P* + 20544 P +5301) 

-^2073 P   t  2304) 

6.2^34   p1 *   05,597 -9.448^) p -(:|446Ke 
1 

1-6549 pN <I.|21<J-I 7:^^.11^)1*-(17^K< + I-H54, Ka) 

( .207} p  + 25.04.) 
OO) 

S-l-JJ 
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gives the following  increments in the coefficient of the characteristic 

equations: 

4 «k>        «        0 

A ax"        = 30.773 kpf 

4a2        -    [(56.16 4  .163 c)   -32.15 k« -20.931 ka] ty    * 30.773 fy 

4a3        =      [(123.67 4 22 c)   -(23.124 • 1.275 c)ka    -32.15 Ke -20.931 Ka]   ty 

4 [(56.16 4  .163 c)   -32.15 k^    -20.931 ka    Kp 

&*A      = [(-215.53 • 23 c)   4(3857.1 -3.9 c)!^ -(59.67 f lupc      )k^_ 

-(23.124 4 1.275 c)KaJ kj<    4[*123.67  4 22 c)   -(23.124  * 1.275 c)kJu0 

4 a5      -       [(3857.1 -3.9 c)Ke    -(59.67 4 144 c)  KoJ   ty 
* [(-215.53 -f 23 c)   4 (3857.1 - 3.9 c)ke    - (59.67 + 144 e)  k* 

-  (23.124 f 1.^75 c)K8] •   K0 

Aa6      = [(3B57.1  -3.9c)Ke    -  ('.9.67 4 144 e)Ka]  *0 

The coefficients ^iven  in Eq.   (?6),   (29)   and   (31)   may be combined. 

After dividing  them by a0    -    65«SJ04,  tnesa characteristic equation coefficients 

become: 

ao     = 1#0 

ai    = (3.7101 4   .00428 c)   -  .7917 k,.  -2.4?79 ka    t 4734 ty 

a2    - (7.4654 4  .5802 c)   -1.7984 k« -(4.9976 4  .03358 c)  ka 

-.7917 K«  - 2.4279 Ka 4  [(.864 4 .0025 c)   -  .4946 ke 

-.322 ka]   \y    4    .4734 K0 
, 

a3    = (.3626 t 1.7577 c)   4  (86.724 -.1061 c)ke  -(10.264 4 3.8109c)ka 

-1.7984 K« -(4.9976 4 .03358 c)Ka    •  [(1.903 4 .3384 c) 

-(.3557 4 .0196c)ka -.4946 Ke    -.3<'2 Ka] ty 

*[.864 •  .0025c -.4946ke -.322ka]    ty 

"S-l-72 
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aA    *    (-13.7252 f 1.240e)  f (211.52 -,2124o)ke  * (12.5697 -7.775c)ke 

|(86.72A3 - .106lc)K«    -  (10.264 t 3.8109c)   Ka    • 

[(-3.3157 -f .3539c)    + (59.34 - ,06c)ka    -(.918 4 2.215c)ka 

-(.3557 • .0196c)Ka] k^,    + [(1.903 4 .3384c)   -(.3557 + .0196c)lca 

- .4946Xe   — .322 Ka]    fy 

a5    -    (211.52 -  .21?4c)K«    +    (12.5697 - 7.775c)  Ka • 

+ [(59.34 -  .06c)K<, - (.918 • 2.215c)KaJ   ^    . 

+ [(-3.3157 •  .3539c)  • (59.34 - .06c)ke    - (.918 + 2.215c)ka 

-(.3557 •  ,0196c)Kal   K0 

»6    =    [(59.34 -  .06c)Ke    -  (918 + 2.2l5c)Ka]   fy 

In the testing of the stability criteria in accordance with Bq. (19), 

thd parameters: 

•fv .   21 *<*        i 

Auto-.'i'.ot of Bomber — H ) H 
Auto-Pilot of Fighter • ke y Ke 

K p KH 

L.O. Loiiction e « 

must be studied 
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The equations of motion (13), (H) and (15) asy bo written 

In such a way that the terms containing A and c are separated from thoaa 

which do not. Equation (13) becomes 

-M. 

Substituting, 

(|06P% 71-537*«ofcP + WJ8)0 +   2 [453.4 AZ6 -453-4*18 5 A £ 

+ 4534 AC 0c   t A - fc3[ i^8 '8PC • 11325 *  +   °5575 p 

- 5.5965A + iE.&e t <).44e ^ep Keft)]] - M0 

((D% .71337 P + -93476)©] + $(.^ofceA ;o AV •* .045^ 0) G 

+   ft [-.01652 pZ-( 011193-.0135^)0   -»-0l89Kc]/i 

+   A [. 90^,5 x |53 CD2,   r Z2G5A io"3 D    4.25^7]*} 

-6 
= M/io  (32.) 
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Let 

aj= D%  0.71357 D   +   .95478 

a2=  0 

a,,= 0 

aj=   .906Rxl63  A2^2 +   .0456  A 

a,=   A[-.01652D
2
  +   (.0189ke   -   .011193)0  4   .0189KJ 

aj=   ,9068X1C"AC  D**   +   A(.002266D  *   .25637) 

The fighter-flap equation  (H)  may be rearranged to give 

jmJvr'.S -2U.-r2.Lt * L^,j-jWlrV+mcr*j . L2 

Substituting, 

J 453.4(5.61*' +   18.52)P   -   (119.4x17.95 OC -  4.871x21.6  fl 

+   22.8x9.67   0   )x   10     -  ie.3    [-8.784  DC    +   1.1325 0t +   .03375ft 

-   .7255 A   •  9.448(keft+   K& A )] +   112.56x10   (k^tt +   K4|i ) f 

s-;-7; i 
!• v.   2/ »9        I 

*j-   4.1724  0   +   [1.6549D*   +   (1.1849   -   l-729ke  -  1.1256kA)D 

-   (1.729Ke  4   1.1256Ka  )] 6    •    [-.20725D   -  23.04] OC ] 

+   J-.08297AD     B     -   .08297 Cn'oc]   =  L x   10" * 

 <53, 
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b,   =   -  4.1724 

>i =   -   .082972   A  D 

b2 =   1.6549D9  +   (1.1849   -   l.'729ke   -  1.1256kg    )D 

-   (1.729*     +   1.1256K.   ) 

"2 m 0 

bJ = - (.20725 D + 23, .04) 

H = - .082972 C 
a 

D 
t 

The Fighter-Pitch Equation  (15),  after rearranging,  becomes 

S -1-72 
• • V.      2/ 4'? 

[i^-M^-^^-t^L.J + j^cV-TnCr^rr.C2^ tc7tL + Lt)j   -. M. 

Substituting, 

J|«.5^5«-71-^ot --221-7 (117.4 oc -45713 - 22.8 9)   t   18-14 f 8.784 <^ 

•     t 1-1325 *  T   Wp - -72.^5/3   -t- ^.443 ck^p • i\cpj   y 

+ j.4534 AC a -,4^4*I3-K/*   + .45*fC*oC    t   c[i25,i?oc 

4 »•13150c   t   22.6 9   t .03375A  -5.59^ •ji   t |44&^ 
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(-5.0548 6   i-   M>\lV* Cl]|.3?ke-IZ.o8)D + 171.T5 Kc]ft   t U«W P* 

+ 20.54 D    + ^3 01] OCJ     •+     {[.4534 ACP" + 22.8 C) 0 

+ [-8.^35 C p* +(^.44Bke-5.^5)c-J)   + ^.446Kec]p • [.45*4GV-MI«.»*<-]«[ 

Let 
C,   =  -  5.0548 

c'    =   .4534   AC  D~   +  22.8  C 

cz =   .612 D*   +   (171.39kc   -   12.08)D  4   171.39K, 

4 =  C [-8.2635 D2   4   (9.448ke   -   5.59S5)D  4  9.448> 

c, =   18.595 D2   +   20.54D   +   53.01 

e =   .4534   C2D2    4  C( 1.1325 D  4   128.18) 

e] 

<W 

The characteristic equation is 

a, t a(' a2+ a4 a,4 Q.j 

b,,b; ba + bi b3   4    b^ 

c, + c,' ci+ c'z C54    C3 

»A -0 -   ^5) 

where 

This'determinant may be expanded by minor as: 

M, 

M, 

b,c,  -c,l), 4    b2c^ - b,'c2 - b3c;   - 
'2 "3 *"3 tw 

is/1, - - &'bs  + a^b5   H   a^ 

$-1-72 



*rj *** »i*n tffy   *•/!»#.»» Report No ^P^-Jp^T 10?- 

P^cje   No. 43     

Dai-; .     

After expanding and term-collecting, the following cons'ants for the 

polynoainal is obtained: 

a0 

a5 

»6 

30.773 ••  .05078c  •  .06469c2 •   .0024A2 

(78.105 -  .8045c  • .11895c2 *   .00517A2) 

-(37.151  - U.22c)ke    -  (20.931 • 5103c2 •  .01898A2)ka 

(192.^9 * 21.37c   • ±\?U7 •  .1201A *  .0096A2 •   .000657AC) 

-(22.929 - 10.144c)k      -  (38.05 * 1.2747c  *  .364cP*.12096A?)i, 

-(3^.151 - 14.22c)K«       -  (20.931 •   .5103c2*  .lP98A2)Ka 

(-74.8 • 37.8c    •    c068O5c2 •   . 272A    •   .01233A2*   .000733AC) 

*(3827.1 * 9.343c - .OU^k,    - (95.7:7 • 145.19c  •  .477c2) 

• (95.727 • 145.19c  •  ,477c2 •  .9545A •  .05411A    •  .006061 AC)ka 

-(22.929 - lO.lUc)^       -  (38.05 * 3.2747c  •   .364c2  •   .02096A  )Ka 

(-38.15 * 36.862c  *  .7053A *   .001AC)   *  (2751.6 -2.818c   *.00O32A)l 

-(64.177 • 104.13c  • 1.0672A)ka    •     (3?27.1  •  9.343c  -.0649)K« 

-(95.727 • 145.19c  •  .477c    •   .9545A  •   .05411A    •  .006C61AC)Ka 

(-^J1.45 * 21.453c  •  .8506AI*  .0007AC)   *(3605.6 - 3.6924c 

-3.3A -  .0032AC)k« -  (55.776 • 13/U87c  * 4.1798A)ka 

* (2751.6 - 2.818c *   ,OOO32A)K0    -  (64.177 • 104.13^   *1.0672A)Ka 

(3605.6 - 3.6924c  - 3.3A -   .0032AC)Ke
1   -  (55.776 •  134.87c 

• 4.1798A)Kil 
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Effect of Auto-Pilot In Bombar 

It will be shown that stability of the coupled flight is difficult 

to obtain if the bomber were left uncontrolled. The effect of the auto-pilot 

control in the bomber should be more effective since the controls on t ht> 

bomber are more powerful than those of the fighters. The introduction of 

auto-pilot in the bomber modifies the Bombei-pitch equation by adding two • 

terms • 

(k,P Ve 

where        kft     and     n«   are proportional,  control momenta responding to the 

rate  and the displacem nt changes of the pitching angle of  the bomber.    The 

characteristic equation  (35)   is,   then,  modified by adding 

tk,D  i    K,)N1, 

where M^ is the  firjit minor ir. the expansion of the determinant.    The  incre- 

mental coefficients  are: 

& a0 

c a^ 

£a2 

A a- 

(30.773 *  .05078c *  ,06469c2)kn o 
T 

[(56.152 - 32.151 ke -20.931ka)  •  (H.22k«, -  .8407)c 

• (.0728 -  .5103ka)c2J k        •    (30.773 •  .05078c •  .06469c2)K 
8 ft 

[(123.66 •  ,007k* - 32.151Ke - 23.12k* - 2p.931Ka)   * (21.92 • H.22K( 

-1.2747ka)c - .5103c\j kp    •   [(56.152 - 32.151ke - 20.931ka) 

•(H.?2k.  -.6407)c    •    (.0728 -  .5103ka)c2l K e J     g 

s— 2-7 r 
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AB, 

&*•) 

aafc 

[(-215.51 • 3?57.1k« - 59.668kB t  .0C7K, - 23.12Ka>   * (22.95 

(1P3.66 4  .007k,    -3?.151K« 

r 

-3.95k, -lU.28ka    -1.27^7Ka)cjk9 

-23.1?ka    -2C.931K&)     *     (21.92 - U.22K,  -1.27A7k«)C 

-.5103c^j  Ka 

- 

(385?.2Ke -59.668Ka)   -  (3.95Ke •    lU.28Ka)C 
u J 

•[(-215.51    *    3857.Ik,    -59.66Pka    *•  .007Ke    -23.12Ka) 

•  (22.95 -  3.95ke  -lU.28ka -1.27^7Ka)cJ    K 

1(3857.IKQ " 59.668Ka)   -  (3.95K*  - lU.28Ka)CJ Kfi 

In the testing of the  stability criteria in accordance with Eq.   (19), 

the following paraaetere are considered: 

Auto-Pilot of Boaber: 

Auto-Pilot of Fighters: 
*6 

k« 

e 

CeG. Locations: and      C 

n 
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Discussion of Results 

The criteria  for the stability  in roll  .18 well  as in pitch were  investi- 

gated simultaneously due  to  the  fact  that tn«>  t>ame  auto-pilot  in  th«  fighter 

must work, for both disturbances.     Because of the  number of parameters in- 

volved,   a somewhat systematic  analysis was made.    Values of the rate controls 

in the fighter auto-pilot,  kg  and  ka were first assumed.     It  ie,   then, 

possible  to plot a region of sttble  flight using the displacement controls 

in the fighter's  nuto-pilot,  Ke and Ka    as e.ordinates.    Tne criteria a^ > 0, 

al82~ aoa3 > ^»     alaA~ aoa5>(^    are equations of straight lines   (linear  in 

Ke  and Ka) ,  and 83(8182- aca3)   - a^a^a^- ac,H».,) >0    is the equation of an 

ellipse or a h.perbols.     Tne otner crite-is  are nigher-degree curves generally 

not important. 

The order of magnitutoe of these parameters should  be estimated.    Tnat 

for ti.e  fighter elevator movement,   i.e.,  k^  and  Ke    may  be estimated from the 

elevator angle  required to produce  1.  acceleration  in pull-ups. 

• - J. - •: 

•M 

A&„ •\J I     MCMX <r 
I  c,\K 

itee 

where lw - wing loading    -    w/s      «    ^'^'^/pec    =    56'2 lb»/3q.  ft« 

q r 103.5 lbs./sq.   ft. 

Vt = tail volume    •     .454 

lt = 18.14 ft. 

Cr » .033 per degree 
I r- 

1? = .538    =  ^<%S- 

.. !i < f !UL'' ' __J 
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(dCM . dCL )  free 

(T    • 

•  .03 assuming  3% stick-free margin 

-.001     (Ref.3/     (per degree) 

-.0052     (Kef.  3)(per degree) 

..i£B fe    ?5,0OC ft. 

•1.26 degrees per   'g' 

Since no high-accelerated flignt is; expected  in   'cL'   stable  f ight, 

tne values of kg    and K^    should  oc  loss ti.an unit/. 

k A% 

*(b 
-A   < c 

K,-- 
4 be 
A ft 

i 

<   i.O 

T:,e largest values for k  ar.d K  , the aileron parameter is in the 

order of 3 since tne aileron deflection is limited to 18 in which caee a 

flipping angle of p   -      - 7  mwy be permitted . 

Referring to Eq. (3°) anc* (37)» the parameters in the bomber auto- 

pilot are defined rather loosely. Considering the number involved in the 

damping and spring-restoring coefficients in   0- equation, the k and L 

snould be in the order of magnitude of unity, i.e., tne controls should us 

able to proiuca coefficients in tne sane order of magnitude fa  the coef- 

ficient of the system in 6 and 6 without controls.  Fbr the same reason, 

lw and K# should be in the order of magnitude of 4, 

. CONHDf NTIAL 

fc- 1-7 ? 
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Trie case of no controls  in the  ooraber was  investigated  first.     For this 

cese,  it can readily be  shown ath the  k<,    <    .15 and ka    7    ° are required 

for stability in both pitch and roll.    Table I and Figs.   5 to 10 present 

the CHses  investigated.    The areas hatched in on- direction are zones of 

roll stability while those hatched  in opposite directions are zones of pitch 

stability.    Only the values of Ke    and  Ka    in  th»;  over-lapsed aress are 

acceptable combin: tions.     It is seen that the stability of the system is 

very sensitive  to the control parameters.    Within the range of e.g.  locations 

likely  in the  actual  system,  viz.,  c     • 0  to 1  and A     =    0 to 3.25,  the 

effect of e.g.   locations on the  stability of the  system  is relatively small. 

Figs  11 and  1? show  the  stability boundaries for  a gi^en auto-pilot  in 

the fighters, viz.,  ke    r    .1    and Ke    •    .^3 using the bomber auto-pilot 

parameters )M,  Kgf,  kft and  K»  as coordinates.     Apparently,  any combination of 

positive  kd    and Kcj   ,  and  k«      and  Kg    would  improve the  stability of the 

system.     At this point,   it was believed  that tne bomber  should  not be  left 

uncontrolled.    To verify this contention, values of kri    •    Krt    « _ 4,  and 

k.      -    /. •    1 were  arbitrprily assigned.    Tne resulted stability 

boundaries for  tne pitch and roll disturbances were  shown in Fig.  13 and 

Fig*  H for the case considered.     It  is evident that the  system can be 

readily made  steble   if judicious auto-pilot or manual controls were pro- 

vided in the bomber, 

1 
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3.    Yaw Stability 

x., .. 

j_2.fIt"!^ -r  Z<4^3 4 t P.^fe 1 1rC)] Y + Z >4^3.4 [8-34- -t lUl^olY 

= N6* iofc - i :<] c^r trl) (38) 

end. 

{r,\ [k ^'R^rjjY * xckz+ r?;y r     /U 
• "2 

N.   t  M^f+r;  r ,v*    cr T» 
'F-M tf-Bj 

[4.^.4^8.^4 i83»<jo)]y t  453.4 (*?£ t is.^Sr 

-t 4^3.4 »7i| x 1B.3 -j; / = M  -.cetfUMo <"f t*f) 

- .i^e x iofec-\[/t7) 

(•778_5 D f.oc^tP   t .I2^8)Y  +   (-1835 DVOOM&D + .1^8)7 

 (3?) 
— M > 10    - •547^ 02^* ty') 

s-.-7: 
!•¥.      2/ O 
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The characteristic polyn-mial for this CISP ia 

IO-IZ J>   • .532, p -» -4.725 

•7785P   + .oo£/|&P   -f .11^8 

or, 

^45 i>   t .14658 £3 •  175 p* t   0^7 1 p   t -57 V. =0 

p4 + ".226-9  D3  + 2.760 P2    -r     l^4G  D    t.8^4   - 0 

The stability criteria  for this case  occurred  in the classical 

treatment of Hirplane stability and  ia known as  the Roth Discriminant,, 

aifioao  - a-j  m a-\   a lla2a3 1 *A   y 

.2269 x 2.76 x  .1546 - .15^6 -  .2269 x  .8986 

s    .898*>     > 0 

It is seen th*>t the ynw stability with the detTree8  of freedom   aeBurned    i3 

positive.     It appears tr<-.   rue Her correction in the anto-pilot in the 
< 

fiphter ne<=d  not he used,, 
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Case B - Two-Joint Attachment 

\.  Bajj gtabiutj 

Degree of Freedom: 

Bomber Roll  •   .<£ 

Fighter Flep •    /3 

The equations of motions derived in Case A hold good in tnis case 

also. Since the fighter is locked such that pitching of the fighter reletive 

to the bomber is not possible, the aerodynamic forces on the fighter wing 

and tail as given in Eq. I and III hrve to be modified. 

Bomber-Roll 0 -  Equation 

From Eq. 7 

where       Ln      is the rolling moment provided by the  symmetric deflection 

of the flaps or ail«rons of the fighters.    For  the condition considered, 

K 

*i..~re 

P L   LeC     *f    5        J 

K = 

>- 0.-7? 
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For the purpose of study, it is assuned that the flap is full-span, 

a•*     °4r„   -    «5, 
f 

/. U = (4-43T "-5 x'05-5 "?-t»^ 2^0 Jc 
T 
- 54.73 x io^K> 2 (Rt r? - jozy 52 x10V - FT- LB- 

= Lc- 7-4^3 *l0"<f   -^g*io^   +  lo.pixfpVp 

(i,0l}PJi].^P)<f    +   G SSO + ^4578 P  -to-75iK)/3 

= L„ K io      -r   1.495 ( 2 <f f3 * p ;^  (^0) PT 
Fighter-Flap A- equatLon 

From Equation 8, 

>L 

where 

)   ' I 7 

C *ee   La. I.) 

3 
-21.85*io"<4)  - /j!.87|  rf,0"«   4.  ^9 75xio'K/3 

l45<f   •• 33.5/3'  -3-5^*10^  -72b,^      (;ee ^.JE; 



0tf0»* tt*IC   fl?L   •*% t *TtO% Report No. IDR-FfO^HOZ 

Page   No 53  

Date  

45M[5.M +l*-3^o] f   t 453.4[5,61% 1 &.}*]£ - 453-V7i.-]x|g.^% 

—  1        - .  ^   j   h.   • o 5c^.«^>v      „   A   Q*7  1   „   -> I    /    -   . •"$ A er^i m - .„   ~ 1 . .   «  1 

3 •    ' 

P   -   -q./> »i/.p<(D 

t 18-3 C .-45 <f + "33-5 3   - 7.5*0 MO <j>   -izo.qa] •    L, 

C7-57&P + 4-35J D> +   +  ()G57Dzt U84D  -;t>-7Z K")/3 

= L  * IO"5 - 7 47^ f*/i C40 
The characteristic equation becomes 

7.576D*    •    A.353D 

9.093D2    t    7.423D 

1.657D    • 1.18&) - 10.72K 

1.52AD2 •  .9A574D - 10.752* 
*    0 

Expanding, 

D [D
3
    •    2.63Z)    • (1.327 -4.55U)D - 9.309K 

Using the Routh's discriminant, 

2.63?  (1.327  - -4.55a)-    9.309K     >    0 

3.493 - 2.677K      7      0 

.' .     K        <    1.305 

And 

K      ^     0 

Since the constant tarm.9.309K requires that K be negative, the system ia 

8table for all negative values of K . 

Select    K    • 

D(D3 • r.632Dr    •    5.881D    •   9.309)    =   0 

S-l-72 
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The roote of this polynominnl p.re: 

D s 0 

D -        -2.0112 

D *        -.3104    *    2.13 i 

Circular frequency,      w    =    £.13 

Period 271 
'/co       •    2.95 sec, 

2. Pitch Stability 

Degrees of Freedom: 

Bomber Pitch   f 

Fighter Flap h 

This equation of motion may be written down from Bq. (13), (14) 

and (15) by locking the pitch motion of th^ fighter; i.e. (X  -   6 . 

Pitch Equation of the Combination 

Equation (13) i-lus 2 x Eq. (15), and remembering 0i = B , gives 

t   2M(Cr^[r|3fi   -   (C+A>6   &J 

+   Z Mr  • 9 
7PC i 
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Substituting values for the condition un.ier consideration, 

.hi jlOOOx ic? + E[l8.595 t 4534 (7.2«j-» •59,2'1>8 " z*45^.4 * '8 V^2S t *59«2)fi 
L , ^ '   z'    "     \ 

+ 2x 453-4 (3 25 + •59'2)[i83^.'} -0-25 -   =9'2.^ e  B| 

=  M  --934^4xiC
fce    -.^iW^ic^e   '«   E /-22I7 -3 ?5 -.5ai2)f-4.8'||xlo//3 

+ 142.24 - ic3e  * 59 "3 <\$<$ -^ (18 14 + 5z5-f-59'i)f ^7&4 MO' 6 

(1.0506  D    • .76283 D + 2 190}) 6   - ( o6?-3  D2+ .^696 D -Ay^ K)Q 

« M^ * 10   - X637 A3  + .0134 ele 

Flap Equation of the Fighter 

Eq.   (1/,)   after       0   •   OC      ,  becomes 

CAZ) 

453 4[5^1 t ;© ^2J 3   -453 4 *:%;(7.^ 5?iZ)'e' + 453-4 0-*5«£9i*>59 8 

-L£ *   142 24*10 * 7 95 fi -4 8Vl^l0
5^2!.t, A  t 5).7?MO^I8?KO 

+ '6 3 (8764*10 e -r 1-1325 •lo'e t   C3375 MC'.'J -.7255 MC? A) 
'i     • / 

i':-:..: 
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Simplifying. 

(1.6571 DE • 1 184 D -I0-93K)A -  C.3'9'3 D* + .2^59 D   + 27 13) 8 
7 

L^ '• 10     -031999 

 (43) 

Tne  characteristic equation of tn-J system is 

l.c^ofa D  + .762:83 D   f 2.1903 . 0623 D2 - .06696 D - 4^4 K 

.31913 Dlt   2059 D  • 27.13 I.W  D* *  I-I84D -IO93K 

or 

D4 +   1-437  ^ +   Cl -*43 - i-592-X) DS   ( 45l-479?<?D -7r^|<>0 

The Rcuth Discriminant,   1.43?   (1.643 -6.592K)   -.451  • 4.793K >0    gives 

K      ^     .408 

Since the list coefficie't in the polynominal requires that K be 

negative,  the system is stable  for all  negative values of K. 

f; V.M  • ! 
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±.     Yaw Stability 

Degree  of FreedomJ 

Yaw Angle *        "^ 

Tne equation of motion for the case witn the freedom of yaw 

restrained may be obtained from Eq. (16) ty netting ~T  " 0. 

[L^^lv^y-^ ^X\l: T • 2fJY-Y 

Referring to Eq.   (3P) 

(10.1?D       •     .53PD    •    4.725)^   •    NQ    x    lo"6 
- -   C44) 

The  system  is evidently stable.    Tne  damping factor and   the circular  frequently 

may easily be  found. 

Damping  Factor ;   a 

Circular Frequency      co 

V A2 
-.05256 

4/    10 |2        \10 12 
If 

-» -68 

Period    ,      P   — •* ^^ 9-2   ^ec. 

CONFIDENTIAL 
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Conclusions: 

1. Stable flight is possible with wing-tip attached F^?£ fighters 

on B-^50 bomber provided propei* auto-pilot controls are incorporated 

in design, 

2. In the sinple-joint attachment,  the auto-pilot or manual control 

in the bomber was found to be required to acquire stability of 

flight.    It is possible that only elevator movement be used for 

control in the fighters.    However,  this elevator deflection should 

respond to both the amplitude and the rate of change of flapping 

angle of the fighter about the attachment joint. 

3. In the two-joint attachment, the stability is inherently more 

stable.    Controls in the fighter may be provided by either 

movement of tho redesigned flaps or flaps plus spoilers or 

symmetrical movement of the ailerons of the fighters<, 

4. Rudder control in tho fighters is not required in either method 

of attachment, 

5. The effect of e.g. locations of the fighters and of the bomber 

relative to axes of rotation of the fighter is not small. For 

the practical range of e.g. location,  stable flight can be 

expected.    It is advisable that these relative distances be made 

I as small as practicable so as to reduce the effect of dynamic 

coupling. 

6. It is pointed out that flexibility of the wing structure may prove 

important. Therefore, its effect should be considered, 

. COM • .;   Ui . | 
.  M - ^ •     .   „ 
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BOEING AIRPLAKE COMPANY 
Seattle Division 

Seattle    LC, Washington 

In R«ply Refer To 
Reference No, 

Republic Aviation Corporation 
Farralngdale,  New York 

Attention!    Mr.  R. G.  Melrose 

Subjecti        Fighter Tow Data 

Gentlemen: 

On February 3,  1949, at a conference on the subject prop-am, 
Mr. D. W. Finlay,  representing the Boeing Airplane Company,   offered 
certain data and drawings  on the B-50 airplane to assist Republic 
Aviation Corporation in the analysis of tho matching of the F-84 
and 5-50 in a  fighter-bomber team.    TTe regret the delay in furnish- 
ing  these data  to yo1), and  hope they will prove adequr.te for the 
purpose intended. 

The data you requested is  furnished in the  following paragraphs 
and in Encloeure A. 

(a)    Weight and C.G. positional 

height lens fuel and bombs includes 
all flibac modifications 

Add 10,CC0 lba. bombs 

Add all fuel except bomb bay fuel 

Add all fuel including bomb bay fuel      173,668 

wt. 
e.g.  in % Mac 

fcheols  Uo) 

93,798 28.6 

103,798 19.2 

160,528 23.6 

173,668 2Q.9 
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Republio Aviation Corp, 
Page Two 

Reference 
E751-1502 

(b)    Speed and altitude pattern for tycical missionst 

BsJLltt 

170,000 
135,000 
100,000 
160,000 
135,000 
100,000 
uc,coo 
100,000 

True Airaoord  for 
„   Best^ Ramre 

10,000 235 Knots 
n 214 n 

n 186 n 

20,000 260 n 
ii 246 n 
ii 220 n 

30,xc 285 n 
n 2^0 n 

(c)    Moment of inertia in pitch «nd  rollt 

Design Gross •      120,000 lbs. 

e.go a      Sta    435.3 

lA Chord  (Mae)    •     Sta    430.1 

Momenta  of inertia with respect to mutually perpendicular 
axes at 1/4 chord  (Mac) 

Pitching 

Iy.y      a      1000 slug ft2 

Rolling 
2 

Ix-x       a      1712  slug ft 

Yawing 

*z-«     *     *x-x   +   *y-y   •   ^^ slus f,t2 

(d)    Aerodynamic damping coefficient in roll    *    - .0019 5a » w!i3re $a 
is aileron angle in degrees.    This coefficient is defined as the 
rate  of change of rolling moment coefficient,    o.      with the helix 
angle,    jib. . X     ' 

2T 
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•M 
Reference 
E751-1502 

(e) Aileron effectiveness parameter in the cruise condition, flaps upi 

£b s  .0035 6 a 
2v 

(f) The maximum allowable aft e.g. position on B-50 airplanes is 
%%  mac. The e.g. position for neutral stability varies with 
flap position, power, and speed from about 3A%  to a much fur- 
ther aft e.g. position. 

(g) Airplane damping moment coefficient in pitch • 93.5 •f. where g   •   angular pitch velocity in radians per second and 
V    •    airspeed  in mph0 

(h)    Rather than attempt to show what loads can be allowed  on the 
wing tip,  the strength of the wing at a number of spanwise 
stations is shown on the page from Document D-7051 in Enclosure A. 
Also included are the distribution of wing dead weights and the 
shears,  moments,  and torsions due to dead weight at a unit load 
factor for weight condition D which ia a minimum flight weight 
condition and for weight condition B in which condition the wing 
contains a maximum quantity of fuel.    In addition to the weights 
included  in condition 3,  it is possible to add an external tank 
at sta.  533.    The tank and fiiel weigh approximately ^600 pounds. 
Air load information is not included due to the unknown span 
loading in the coupled airplane configuration.    Drawings  fur- 
nished are adequate for determining locations of wing stations 
and loaded areas for calculation of air load  shears,  moments, 
and tornionso 

(i)    Drawings of the outer wing are included  in Enclosure A. 

(J)    It is  physically possible  to install a E-50 outer wiry panel on 
a B-29 airplane though some rework of the structural connection 
and aileron control systems would be necessary.    The B-29 wing 
allowable loads are approximately 20 percent less than for the 
B-50. 

Very truly yours, 

BOEING AIRPLANE COMPANY 
SEATTLE DIVISIOH 

Enclosure At    Drawings and 
Data under Shipment Notice No. 16706 

Lyale A. Wood 
Chief Engineer 
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Pitch Disturbance 
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